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6. SM Higgs boson searches at the LHC

LHC: pp accelerator: start: fall 2007 — T

The (un)official (optimistic?) LHC timeline:

2007 (11/07): fixing the inner triplets
collisions at /s = 2 x 450 GeV canceled
2008 (05/08): first collisions
2008: 0.1 fb~1 — 1 fb~1 (at best) = first physics results?
2009: O (few) fb~1 = first physics results?
2010 — 2012: 10 fb—1 per year = physics results with “low” luminosity
2013 — 7: 100 fb~1 per year = physics results with “high” luminosity
2015 + X (X > 0): upgrade to SLHC?
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o

LHC: The Large Hadron Collider

The protons have not yet been accelerated to their full energy.

i

You need to supply more energy by raising the accelerator handle...

5PS
Ring Ring

SPS now at 306.0 GeV (68)%... B L S

™ . L L narmla; physics
o Lift handle to accelerate the stream 4 M7 scottish schools
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6. SM Higgs boson searches at the LHC

LHC: pp accelerator: start: fall 2007

The (un)official (optimistic?) LHC timeline:

2007 (11/07): fixing the inner triplets
collisions at /s = 2 x 450 GeV canceled
2008 (05/08): first collisions
2008: 0.1 fb~1 — 1 fb~1 (at best) = first physics results?
2009: O (few) fb~1 = first physics results?
2010 — 2012: 10 fb—1 per year = physics results with “low” luminosity
2013 — 7: 100 fb~1 per year = physics results with “high” luminosity
2015 + X (X > 0): upgrade to SLHC?

YOU live in an exciting time!!!
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Examples for Higgs production and decay at the LHC:

Important production channel at the LHC:

Gluon-Fusion: WBF:

Sven Heinemeyer — Basics of Higgs Physics — preSUSYO07 (Karlsruhe) 24.07.2007 I1/4



Step 1: Discovery of the new particle

SM Higgs production at the LHC:
SM Higgs production
I I I I ‘ I I I

10° \

99 - h

99,09 - tth

gb - gth

TeVA4LHC Higgs worki ng‘ group
| | | | |

LHC

100 200 300 400

500
m, [GeV]

gluon fusion: gg — H

weak boson fusion (WBF):
qq — ¢ H
top quark associated

production: gg,qq — ttH

weak boson associated
production: qf/ — WH,ZH

SM Higgs search at the LHC: = full parameter space accessible
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SM Higgs search at the LHC: = full parameter space accessible

—&— VBFH- WW

—4&— VBFH- 11
H - yy (inclusive + VBF)
H- ZZ - 4l (with K-factors)
H- ZZ - 4l (no K-factors)
ttH,H - bb

—A—H-> WW-S Iviv

—46— H- ZZ - libb

J. L dt=10 fb_1 --83--VBFH- 7Z- ligq

[ERN
o
N

—a— Combined

Signal Significance
[

=
o

400 500
M, (GeV)
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Step 2: Measurement of the mass

Best channel for mass measurement in the SM: H — ~~
[ATLAS '99]

% B % 1500
@, B O -
] B (| L
- 20000 ~—
o - o B
e e
5 i 5 i
- B = 1000 —
6a B o -
17500  {— 5 i
- =
I : |-
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15 _— % L
i S L
L Té L j |
u 5N - |_
12500 |— c = [
i v 0 e S
Iﬂﬂﬂﬂ i | | | | | 1 1 | |
105 120 135 105 120 135
m, ., (GeV) m,, (GeV)

— §Mj ~ 200 MeV
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Step 3, 4: measurement of couplings to gauge bosons and fermions

Measurements for a SM Higgs (or SM-like MSSM Higgs) at the LHC:

Measurement of o x BR: "narrow width” approximation:

I [ barti
= o(H) x BR(H — 2z) = o(H)>M. g:\ad w L Partial
I_|orod "tot

Observation of different channels
= Information about combinations of Iy, I+, Ty, Tz, Mg, Mvy, Y2

= Additional theory assumptions necessary for absolute determination of
partial widths

Only assumption:

— consider general multi Higgs-Doublet model

w /o additional Higgs-Singlets

(= includes e.g. MSSM)
= Absolute Determination of 'tot and Higgs couplings in a global fit
= (nearly) model independent analysis
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Luminosity at the LHC:

e 2x30 fb—1: 30 fb~1 in each of the two experiments

e (2%300+42%100) fb—1: 300 fb~1 in each experiment, but only 100 fb—1
usable for gauge boson fusion

Estimate of errors:

1.) Statistical errors:

Assumption: SM rates for production and decay in all scenarios

2.) Systematic errors:

— attempt to include realistically all possible errors

= "“log likelihood"” function,
based on statistical and systematic errors
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Relative precision for partial and total Higgs widths: two scenarios
[M. Diihrssen, S.H., H. Logan, D. Rainwater, G. Weiglein, D. Zeppenfeld '04]

0.5 4 0.5
é ;‘{ B | g (H,Z) é ;‘{ e EETTIY g (H’Z)
r [ T
< - H < L
- A I A g (H"[) Y B g (H"[)
oal G —g (Hb) ol —g (H.b)
Y- WA R 12T, =AY (N 12T,
E without Syst. uncertainty E without Syst. uncertainty
0'3:_ 2 Experiments 0'3:_ 2 Experiments
5 IL dt=2*30 fb 5 L dt=2*300 fb ™
- ! WBF: 2*100 fb *
0.2 % 0.2
0.1 0.1
O_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III O_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
110 120 130 140 150 160 170 180 190 110 120 130 140 150 160 170 180 190
m,, [GeV] my [GeV]
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Constraints on extra partial widths:

[M. Diihrssen, S.H., H. Logan, D. Rainwater, G. Weiglein, D. Zeppenfeld '04]
1

§ B _Ginv./GH
32 | — G, (new) / G (W.1)
ol EOf?T
o
0.6 measurement of SM rates
i = constraints on widths:
0.4—
i (2 %300 + 2 % 100) fb~! scenario:
0.2—
i SM
il Al <0.2 X M
f Alg < 0.4 x 3M
-0.2— SM
-0.4— 2 Experiments
i L dt=2%300 fb - = restrictions on new physics!
s A A Zﬁloofb _1|

110 120 130 140 150 160 170 180 190
m,, [GeV]
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Results:

Absolute determination of Higgs couplings is possible!

Scenario with low luminosity: 2 * 30 fb— 1 :

for a light Higgs: results significantly worse in comparison with
higher luminosity

Scenario with higher luminosity: (2 %300 + 2 % 100) fb—1 :

— typical precision of 15-25% for myg < 150 GeV
— 5% accuracy for HVV couplings above WW threshold

Systematic errors contribute about 50% to the total error,
especially at high luminosity
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Results:

Absolute determination of Higgs couplings possible!

Scenario with low luminosity: 2 * 30 fb— 1 :

for a light Higgs: results significantly worse in comparison with
higher luminosity

Scenario with higher luminosity: (2 %300 + 2 % 100) fb—1 :

— typical precision of 15-25% for myg < 150 GeV
— 5% accuracy for HVV couplings above WW threshold

Systematic errors contribute about 50% to the total error,
especially at high luminosity

What happens with non-SM rates?
= not analyzed vet . ..
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7. SM Higgs boson precision physics at the ILC

Linear ete™ collider, /s = 500 — 1000 GeV

based on superconducting cavities (cold technology) (ITRP decision 2004)

Schematic:

Electrons
Undulg_tor

Positrons

Main Linac Damping Rings Main Linac

— 1 interaction regions (push-pull, with crossing angle)
— undulator based eT source
— polarized beams for e~ and et (P,- = 80%, P+ = 60%)
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The tunnel and the tubes:

Internatioﬁél\_hLinear Collider
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Higgs-strahlung:

Higgs production at the ILC:
995 P ete™ = 7* - ZH

I I I I
100 o(ete” — Higgs) [fb] HZz |
Fe. Hl/lj ......
10 . _ =
~ 1 weak boson fusion (WBF):
~, ] _
_ | ed+e— —vvrH
\/§:|350 1 500 | 800 GeVl N My
. . . .
100 200 300 400 500 600 700 e >
€+ <
= Measurement of masses, couplings, ... in per cent/per mille
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Some ILC specifics:

recoil method: ete™ — ZH, Z — ete™, ,LL_I_,LL_

= total measurement of Higgs production cross section

= NO additional theoretical assumptions needed for absolute
determination of partial widths

= all observable channels can be measured with high accuracy

Some ILC results (500 fb~1@,/s = 350 GeV):

89z70 ~25%, dgwwug~2-5%
Sgp ~ 1 —2% (for My < 150 GeV)
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Some ILC specifics:

recoil method: ete™ — ZH, Z — ete™, ,LL_I_,LL_

= total measurement of Higgs production cross section

= NO additional theoretical assumptions needed for absolute

determination of partial widths

= all observable channels can be measured with high accuracy

Some ILC results (500 fb~1@/s = 350 GeV):

5gZZH%2.5%, 59WWH%2_5%
5gp ~ 1 — 2% (for My < 150 GeV)

How does this compare to the LHC?
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The LHC will find a Higgs and measure its characteristics:
— mass: dM;, ~ 200 MeV

0.5

ai _EE:\Z/;) — couplings: (2 %300+ 2% 100) fb—1 :
R Y g g (H1) typical accuracies of 20-30%
0.4f — 9 (H.b) for my < 150 GeV
--------------- 121, 10% accuracies for HVV couplings
- ihou Syst uneerany above WW threshold
0'3; 2 Experiments
s L dt=2*300 fb Assumption:
B “WBF: 2*100 fb * _ gIQJVV < gl%IVV,SI\/I % 1.05
0.2 — SM rates for the Higgs
k Problems:
0.1 — valid in weakly interacting models
— rates much lower than in SM 77
B — physics can/will hide in 5% margin
of bbb bbb b b

110 120 130 140 150 160 170 180 190 o Self_couDllngS out of reach

L [G :
[M. Diihrssen et al. '04] M [GeV] = ILC comes in
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Compare to the ILC:

SM Higgs © ILC:
Precise measurement of:

1. Higgs boson mass,
OMypy =~ 50 MeV

2. Higgs boson width
(direct/indirect)

3. Higgs boson couplings,
O (few%) =

4. Higgs boson quantum
numbers: spin, ...

.
T

o

SM Higgs Branching Ratio
=

100 110 120 130 140 150 160
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Compare to the ILC:

SM Higgs © ILC:
Precise measurement of:

1. Higgs boson mass,
OMypy =~ 50 MeV

2. Higgs boson width
(direct/indirect)

3. Higgs boson couplings,
O (few%) =

4. Higgs boson quantum
numbers: spin, ...

But do we need the ILC precision?

.
T

SM Higgs Branching Ratio
=

100 110 120 130 140 150 160

M, (GeV)
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Compare to the ILC:

.
T

SM Higgs © ILC:
Precise measurement of;:

1. Higgs boson mass,

2. Higgs boson width
(direct/indirect)

3. Higgs boson couplings, 107 L
O (few%) = |

4. Higgs boson quantum
numbers: spin, ... 0°

J—
=1
|

SM Higgs Branching Ratio

L — e PR TR T TR NN TR T S — L ' .
100 110 120 130 140 150 160
M, (GeV)

But do we need the ILC precision?

YES! To discriminate between the SM and extensions
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Step 5: measurement of the Higgs boson self-coupling

= only possible at the ILC

0.3 T T T T T T ‘ T T T ‘

Parton-level study: SM Double Higgs-strahlung: €" € — ZHH
o [fb]

1 ab~ ! = 20-30%
measurement of A = A\gpypy

However:
A= )\ out of reach ) S Y R R

HHHH . 100 120 140 160
for all forseable colliders

180
M, [GeV]
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Step 6: measurement of the Higgs boson spin
= easy at the ILC

Threshold scan for
oleTe™ — ZX):

X=H=0~g
(for B see eq. (1))

cross section (fb)

20 fb—1
= identification easy

O T //\ \ ‘ \ ]
210 220 230

\
240 250
VS (GeV)
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1. Motivation for SUSY

The Standard Model (SM) cannot be the ultimate theory

— The SM does not contain gravity

— Further problems: Hierarchy problem

Up to which energy scale A can the SM be valid?

— N < Mp, @ inclusion of gravity 800.0

effects necessary

- . . 600.0 |
— stability of Higgs potential: =
S

— Hierarchy problem : & 4000 |

Higgs mass unstable = Landau pole

w.r.t. quantum corrections 200.0 |

M3z ~ N?

. Potential bounded from below
(but what does this mean?) 0.0 5 — ; —o —is

10
N\ (GeV)
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Mass is what determines the properties of the free propagation of a particle

Free propagation: “----—-——————-—- - inverse propagator: i(p? — M%)
H ! H
Loop corrections: . __ Q _____ inverse propagator: i(p? —M]%—I—Z};)
f

QM: integration over all possible loop momenta k
dimensional analysis:

2m
f > [ 4 1 f

d4k dk

. 2 2

for AN — oo : ZfH ~ Nf)\f</—k2 + me/_k: >
e — S —

= quadratically divergent!
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For A\ = Mp|2
S o~ ME ~ M3, = M~ 1030 M3
(for Mg <1 TeV)

— no additional symmetry for My =0

— no protection against large corrections

— Hierarchy problem is instability of small Higgs mass to large corrections
in a theory with a large mass scale in addition to the weak scale

E.g.: Grand Unified Theory (GUT): 6M7 ~ M +

Note however: there is another fine-tuning problem in nature, for which we
have no clue so far — cosmological constant
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Supersymmetry:

Symmetry between fermions and bosons

Q|boson) [fermion)
Q|fermion) = |boson)

Effectively: SM particles have SUSY partners (e.g. fL,R — fL,R)

SUSY: additional contributions from scalar fields:

3 fL.R
JL.R 2
H ,,~~ H H ' } H
_____ ¢ >« - > @t
fL.R
st o N2A2 [ d*k t ., 1 + terms without quadratic div
H P Q—m]% kz—m% '
L R

for A— oo Ej~ NpAZA2

Sven Heinemeyer — Basics of Higgs Physics — preSUSYO07 (Karlsruhe) 24.07.2007 I1/25




= quadratic divergences cancel for

Np, =Np = Ny
2 2
>‘f — )\f

complete correction vanishes if furthermore

Soft SUSY breaking: m% = m% + A2, A% = A?

= I N I A4

= correction stays acceptably small if mass splitting is of weak scale

= realized if mass scale of SUSY partners

MSUSY S 1 TeV

= SUSY at TeV scale provides attractive solution of hierarchy problem
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Supersymmetry (SUSY) : Symmetry between

Bosons +«+ Fermions

Q |Fermion) — |Boson)

@ |Boson) — |Fermion)

Simplified examples:

Q |top, t) — |[scalar top, %)
Q |gluon, g) — |gluino, g)

= each SM multiplet is enlarged to its double size

Unbroken SUSY: All particles in a multiplet have the same mass

Reality: me &= my; = SUSY is broken . ..

...Via soft SUSY-breaking terms in the Lagrangian (added by hand)

SUSY particles are made heavy:

MSUSY = O(l T@\/)
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Supersymmetry: Motivation

The SM is in a pretty good shape.

Why MSSM? (Is it worth to double the particle spectrum?)

1.) Stability of the Higgs mass

against higher-order corr. Unification of the Coupling Constants

2.) Unification of gauge couplings: in the SM-and  the minimal MSSM

Not possible in the SM, but in S® /e

the MSSM (although it was not %

designed for it.) 40 ‘
3.) Spontaneous symmetry breaking % ’

via Higgs mechanism is 2

automatic in SUSY GUTSs v o o
4.) SUSY provides CDM candidate o Y B0 00510&)?09Q
5) ... [Amaldi, de Boer, Fiirstenau '92]
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

~

_u, d,c,s,t, b|

i,d, ¢ 50

L,R

L,R

o
F
9

IL.R

™
=
N

IL.R

g W, 1+ v, Z,17, 1S

I/e7l’l’7T

VB)/’[’?T

Spin 1 / Spin O

L

L

o1
Spin 5

Spin O

- —t - .1
g9 X1,2 X(1),2,3,4 Spin 5
Enlarged Higgs sector: Two Higgs doublets
Problem in the MSSM: many scales
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t/b sector of the MSSM: (scalar partner of the top/bottom quark)

Stop, sbottom mass matrices (Xy = Ay — p*™/tan @, X, = Ay — pu*tan g):

5 ]\4{2 —- m% + DT, m X/ 0; mt2 0
M{ — L — -
e Xy MgR + m? + DTy, 0 mtgz
MZ 4+ m?2 + DTy mp X 0- m2 0
M% — bL b 1 b _b) bl
my X}, MBQR + mg + DTy, 0 m-gz

mixing important in stop sector (also in sbottom sector for large tan 3)

soft SUSY-breaking parameters A;, A, also appear in gb-if"/'B couplings

SU(2) relation = Mz, = MBL

= relation between mi"l,mfz,ez‘, mgl,mgz,eg
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2. MSSM Higgs Theory
Comparison with SM case:

Lsym = myQr®dr + muQrdeup
d-quark mass u-quark mass

u . T 0 v
QL: ’ q)C:?’O-Q(Da b — ’ ch_)
(d>L (U> (O)

In SUSY: term Q;®T not allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends
only on ¢;, not on 7

No soft SUSY-breaking terms allowed for chiral fermions

= H, (= H1) and Hy(= H») needed to give masses
to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,
quadratic divergences
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Enlarged Higgs sector: Two Higgs doublets

H, — (Hll):(vl+(¢1+i><1)/\/§>
Hf é1
= (12) = (s toane)
’ H3 vo + (g2 +ix2)/V2

V = miHiH1+ m5HyHy — mis(eq H{HS 4 h.c.)

2 2 2
g g _ _ g —
+ (H1Hy — HoH5)? + 2 |H1H>|?
_ 8 _ 2

gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)

tang :U—Q, M2 = —m3,(tan 8 + cot 3)
v1
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Enlarged Higgs sector: Two Higgs doublets with CP violation

H, — (Hll): (Ul+(¢1+i><1)/\/§)
Hf é1

o (3l )
Hz vo 4 (¢ +ix2)/V2

V = miH1Hy +m3HpHp — mis(eq HYH3 +h.C.)

2 2 2
g g _ _ g —
+ (H1Hy — HoH5)? + 2 |H1H>|?
_ 8 _ 2

gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=
2 C’P-violating phases: &, arg(mi1o) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

(V)
tan 8 = 2, M2,
U1
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HY cosa sina ¢} M2+ M
= tan(2a) = tan(2
( hO ) (—sina COSoz) (qbg) an(ze) = tan( mM M2

GO\ cos3 sing X3 G\ cosf sing b7
A0 |\ —sing cosg X9 /) HE* ) | —sing cosg oy
Three Goldstone bosons (as in SM): G9, G+

— longitudinal components of W=, Z

— Five physical states: h0, HO A0 H=*
h, H: neutral, CP-even, A9: neutral, CP-odd, H*: charged

Gauge-boson masses:

1 1
M =S¢ +03), Mz =_(¢"+¢*)(vf+03), M;=0
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Parameters in MSSM Higgs potential V (besides g, ¢’):

U1, U2, M1, M2, 1M12

relation for M3,, M2 = 1 condition

minimization of V w.r.t. neutral Higgs fields Hll, H% = 2 conditions

= only two free parameters remain in V', conventionally chosen as

tang =U—2, Miz—m%z(tanﬁ + cot3)
U1

= myp, myg, MixXing angle o, my+: no free parameters, can be predicted

In lowest order:
més = M3 + Mg
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Predictions for m;, my from diagonalization of tree-level mass matrix:
¢1 — ¢o basis:

2 2
ppatree Moy o190
Higgs m2 m2
P1P2 @2

MZsin?3 + Mzcos?3 —(M2%+ M2)sinB cosf3
—(M3%+ M2)sing cos@ M3cos?3 + Mzsin? 3

— Diagonalization, «

N

m ,tree 0

o =

2,tree
mp,
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Tree-level result for my, my:

2
M h
1
2

M3 4+ M2 £+ \/(M3 + M2)? — 4M2M3 cos? 24

= myp < My at tree level

= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
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Higgs couplings, tree level:

ghvv

JHVV

IJhAZ

Ihbbs Ipr+1-
9htt
IAbb 9A+++—

SM
= ghvv < 9V V JhvvVv,

= sin(B8 — a) Qvaa

= cos(8 — «) gHVV

/

= COS(f —
& a>2cosHW

Sané S|\/|

CoSa gm
sing@ IHE

5tan5 gbe

dJHVV, 9haz Cannot all

V=Ww=% 27

be small

b In-+-—- Significant suppression or enhancement w.r.t. SM coupling

possible
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The decoupling limit:

500IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII

For M4 > 150 GeV:

m. o scen., tanf =5

4505— h
The lightest MSSM Higgs is 4005_ — h
SM-like -
_ 350  —
The heavy MSSM Higgses: = :
My~ Mg ~ M+ §300:—
25250;
=

FeynHiggs2.2 ]

of course there are exceptions . ..

50IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
50 100 150 200 250 300 350 400 450 500

M, [GeV]
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Higgs mass bounds in SUSY theories

MSSM predicts upper bound on Mjy,:

tree-level bound: m; < My, excluded by LEP Higgs searches!

LLarge radiative corrections:

Myysw' Mpysw' ="

Yukawa couplings: 5

: : 2 4 M Mo
= Dominant one-loop corrections: AMg ~ Gumy 109 "
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

Present status of Mj; prediction in the MSSM:

Complete one-loop and ‘almost complete’ two-loop result available
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Upper bound on Mj in the MSSM:

“Unconstrained MSSM" :
M 4, tan 3, 5 parameters in t—b sector, pu, mg, Mo

for my = 170.9 £ 1.8 GeV

(including theoretical uncertainties from unknown higher orders)
= observable at the LHC

Obtained with:

FeynHiggs

[S.H., W. Hollik, G. Weiglein '98, '00, '02]
[T. Hahn, S.H., W. Hollik, G. Weiglein '03 — '07]

www.feynhiggs.de

— all Higgs masses, couplings, BRs (easy to link, easy to use :-)
— talk by Thomas Hahn in the Higgs session
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

m,_ [GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

-2000 -1000 0 1000 2000
X, [GeV]

— talk by Heidi Rzehak on the complex case in the Higgs session
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Comparison with
experimental limits

m,_[GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

= strong impact on
bound on SUSY parameters

-2000 -1000 0 1000 2000
X, [GeV]

— talk by Heidi Rzehak on the complex case in the Higgs session

Sven Heinemeyer — Basics of Higgs Physics — preSUSYO07 (Karlsruhe) 24.07.2007 I1/41



Remaining theoretical uncertainties in prediction for M in the MSSM:

[G. Degrassi, S.H., W. Hollik, P. Slavich, G. Weiglein '02]

— From unknown higher-order corrections:

— From uncertainties in input parameters
me, ..., MA, tanﬁ, mgl, m{Q, o Mg, - - -

Amy ~2 GeV = AMh%2 GeV

Higgs couplings, production cross sections

= also affected by large SUSY loop corrections

...See below

— talk by Karina Williams on |loop effects on Higgs decays
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